Aim: To investigate the effects of high cholesterol diet on the development of osteoporosis and the underlying mechanisms in rats. Methods: Female Sprague-Dawley rats were randomly separated into 3 groups: (1) the high cholesterol fed rats were fed a high cholesterol diet containing 77% normal diet food, 3% cholesterol and 20% lard for 3 months; (2) ovariectomised (OVX) rats were bilaterally ovariectomised and fed a standard diet; and (3) the control rats were fed the standard diet. Bone mineral density (BMD) of the rats was measured using dual-energy X-ray absorptiometry. Serum levels of oestradiol (E2), osteocalcin (BGP) and carboxy-terminal collagen crosslinks (CTX) were measured using ELISA. Gene expression profile was determined with microarray. Mouse osteoblast cells (MC3T3-E1) were used for in vitro study. Proliferation, differentiation and oxidative stress of the osteoblasts were investigated using MTT, qRT-PCR and biochemical methods. Results: In high cholesterol fed rats, the femur BMD and serum BGP level were significantly reduced, while the CTX level was significantly increased. DNA microarray analysis showed that 2290 genes were down-regulated and 992 genes were up-regulated in this group of rats. Of these genes, 1626 were also down-regulated and 1466 were up-regulated in OVX rats. In total, 370 genes were up-regulated in both groups, and 976 genes were down-regulated. Some of the down-regulated genes were found to code for proteins involved in the transforming growth factor beta (TGF-β)/bone morphogenic protein (BMP) and Wnt signaling pathways. The up-regulated genes were found to code for IL-6 and Ager with bone-resorption functions. Treatment of MC3T3-E1 cells with cholesterol (12.5-50 μg/mL) inhibited the cell proliferation and differentiation in vitro in a concentration-dependent manner. The treatment also concentration-dependently reduced the expression of BMP2 and Cbfa1, and increased the oxidative injury in MC3T3-E1 cells.
Introduction
Osteoporosis is one of the most common bone diseases, affecting millions of people worldwide. Postmenopausal osteoporosis is a major health problem in women. Osteoporosis is associated with an increased risk of low-trauma fractures to the vertebral spine, femoral neck and distal radius that result in substantial morbidity. Even if the age-adjusted incidence of hip fracture remained stable, the estimated number of hip fractures globally will probably increase from 1.7 million in 1990 to an estimated 6.3 million in 2050 [1] . Previous human clinical studies have found that hypercholesterolaemia is associated with a lower bone mineral density (BMD). It was reported that postmenopausal women with hypercholesterolaemia have a significantly higher serum bone-specific alkaline phosphatase (BAP) level compared with postmenopausal women with a normal lipid profile [2] . In addition, both BAP and the N-terminal telopeptide of type I collagen (NTx) are significantly and positively correlated with both serum total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) in women. Postmenopausal women who have never taken hormone replacement therapy (HRT) show significantly higher cholesterol levels and have lower BMD measurements in the lumbar spine than premenopausal women [3] . In a South Korean population-based study of 375 premenopausal and 355 postmenopausal rural women it was shown that levels of serum TC and LDL-C were inversely cor-related with BMD [4] . Furthermore, plasma LDL-C and highdensity lipoprotein cholesterol (HDL-C) levels have been shown to be inversely and positively correlated with BMD in both men and women, respectively [5, 6] . However, in some studies, serum triglyceride and HDL cholesterol were found to be correlated with BMD, but no relationship was seen between either total cholesterol or LDL and BMD [7, 8] . D'Amelio et al showed that HDL was significantly higher in osteoporotic patients than in controls and the risk of osteoporosis was significantly higher in women with high HDL [9] . The study provided evidence of the relationship between HDL, but not total cholesterol or LDL, and BMD in this cohort of normal-weight women.
Lipid-lowering drugs (statins) increase the BMD of the hip or femoral neck [10] [11] [12] [13] . However, some anti-osteoporotic drugs such as selective estrogen receptor modulators (SERMS, eg raloxifene) only moderately reduce serum levels of TC and LDL-C [14] [15] [16] . All of this evidence points to a clinical correlation between hyperlipidaemia and postmenopausal osteoporosis.
In this study, we investigated the effect of a high cholesterol diet on bone metabolism in rats. We also studied the effect of free cholesterol on the proliferation and differentiation of osteoblasts. We found that hypercholesterolemia in the rat was associated with a reduction of bone density, an increase in bone resorption and a reduction in bone formation. DNA microarray analysis showed that the bone morphogenic protein (BMP)/ transforming growth factor beta (TGF-β) and Wnt pathways, involved in bone formation, were altered by a high cholesterol diet in rats. Furthermore, in vitro studies showed that free cholesterol reduced the proliferation and differentiation of osteoblasts, and inhibited the expression of BMP2 and core binding factor alpha 1 (Cbfa1). Free cholesterol also increased the level of malondialdehyde (MDA) and decreased the activity of superoxidase dismutase (SOD) in osteoblasts.
Materials and methods

Animals and experimental treatment
Three-month-old female Sprague-Dawley rats (180-200 g, n=34) were obtained from the Shanghai Laboratory Animal Center. After a 1-week acclimatization, the rats were randomly separated into three groups. The high cholesterol fed rats were fed a high cholesterol diet containing 77% normal diet food, 3% cholesterol and 20% lard (n=12). Ovariectomised (OVX) rats were bilaterally ovariectomised and fed a standard diet. Aseptic surgery was performed via a 1-1.5-cm axillary midline incision and the ovaries were removed. Then the skin was stapled and washed with alcohol (n=12). The control group of rats (n=10) were fed a standard diet. All rats were kept at room temperature (21±2 °C) under a normal 12-h light: 12-h dark regime with good ventilation and convenient access to food and water. The experimental protocol was developed according to the institution's guideline for the care and use of laboratory animals.
Serum cholesterol and BMD measurement After 3 months of treatment, the rats were sacrificed and blood was collected. The cholesterol concentration was measured by automated biochemistry equipment. Femurs and 1-4 lumbar vertebrae (LV) were also excised. The whole left femur and lumbar vertebrae (1) (2) (3) (4) were used for further analysis. The bone mineral content and area was measured, and BMD was automatically calculated via dual-energy X-ray absorptiometry (HOLOGIC, MA, USA).
Serum E2, BGP, CTX, ALP measurement The sera were collected for the ALP testing according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). In brief, 50 μL serums was mixed with solution I and II and then incubated for 15 min at 37 °C. The chromogenic agent was added and the absorbance at 570 nm was measured. Rat sera were collected and the concentration of estradiol (E2, R&D, MN, USA), osteocalcin (BGP, Immunodiagnostic Systems Limited, Boldon, UK) and carboxy-terminal collagen crosslinks (CTX, Immunodiagnostic Systems Limited, Boldon, UK) were measured according to the description of manufacturers by ELISA. Serum (20 μL) was incubated with the first antibody specifically for each protein at room temperature for 1 h. Then the plate were washed with wash buffer and incubated with biotin-labeled antibody to each first antibody for 1 h at room temperature and washed again. Finally the chromogenic agent was added and incubated for 15 min and the reaction was stopped with H 2 SO 4 . Absorbance was read at 450 nm (reference wavelength 630 nm).
RNA extraction and microarray analysis
An Affymetrix rat genome 230 2.0 array was used, consisting of more than 31 000 probe sets, representing more than 30 000 transcripts and variants from over 28 000 well-substantiated rat genes. For gene expression analysis by microarray, a procedure from Affymetrix was followed. Total RNA from the proximal femurs was extracted using TRIzol (Invitrogen, CA, USA) and an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocols. All these experiments were performed by Shanghai Biochip Co Ltd (Shanghai, China).
Cell culture and drug administration
The mouse osteoblast cells (MC3T3-E1) were cultured in α-MEM medium (GIBCO BRL, CA, USA) supplemented with penicillin 100 IU/mL, streptomycin 100 IU/mL and 10% fetal bovine serum (GIBCO BRL, CA, USA). Cholesterol (Sigma, MO, USA) was dissolved in ethanol, and different concentrations were used for the experiment. to each well and incubated for 10 min. The absorbance of the culture plate was read at 570 nm. The inhibition ratio was calculated using the following formula: proliferation ratio=Mean Absorbance of Sample/Mean Absorbance of Control×100%.
MTT assay
ALP, SOD, and MDA measurement
The cell lysate were collected for the ALP, SOD, and MDA measurement according to the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
The ALP measurement in cell lysate is the same with the serum ALP testing. In brief, for testing SOD, the cell lysate were incubated with solution I, II, III, and IV for 40 min at 37 °C. The chromogenic agent was added and the absorbance was read at 550 nm for SOD activity. For detecting MDA, the cell lysate were incubated with solution I, II and III for 40 min at 95 °C. The absorbance was read at 532 nm for MDA concentration.
Quantitative real-time PCR (qRT-PCR)
For the qRT-PCR assay, MC3T3-E1 cells at a density of 1×10 6 cells/well were inoculated in 6-well plates in the presence or absence of 12.5 μg/mL cholesterol. After 24 h, the cells were collected, and total RNA was extracted using TRIzol reagent (Invitrogen, CA, USA) according to manufacturer's instructions. The qRT-PCR was performed using One
Step SYBR PrimeScript TM RT-PCR Kit II (Takara, Tokyo, Japan) following the manufacturer's instructions. Primers for the qRT-PCR assay were as follows: Col1A1, forward 5'-TAC AGC ACG CTT GTG GAT G-3', reverse 5'-TTG GGA TGG AGG GAG TTT A-3'; ALP, forward 5' GAC GGT GAA CGG GAG AAC-3', reverse 5'-CTC AGA ACA GGG TGC GTA G-3'; BMP2, forward 5'-GGA CTG CGG TCT CCT AA AG-3' reverse 5'-CAG CCT CAA CTC AAA CTC G-3'; Cbfa1, forward 5'-AGA CAC AGA GCC TGT GGG-3' reverse 5'-CTC TGG CTT GGA TTA GGG A-3'; β-actin, forward 5'-GAA ATC GTG CGT GAC ATT A-3', reverse 5'-GGA GCC AGG GCA GTA ATC-3'. For quantification of gene expression changes, the relative quantification method was used.
Statistical analyses
Data were presented as the mean±standard deviation (SD). ANOVA and post-hoc analysis were used for comparison. All statistical analyses were performed using SPSS11.0.
Results
BMD was decreased in high cholesterol fed rats and OVX rats After treatment with a high cholesterol diet containing 77% normal diet food, 3% cholesterol and 20% lard for 3 months, the level of cholesterol was increased, accompanied with an increase in body weight. The level of cholesterol was also increased in OVX rats fed with normal diets. There was no difference in the serum level of triglycerides, calcium and phosphorus between the three groups ( Table 1) .
BMD in the femurs was significantly decreased in high cholesterol fed rats and OVX rats compared with controls (both P<0.01). ALP and BGP levels were reduced and the CTX level was increased in high cholesterol fed rats (both P<0.05). The intra-and inter-assay coefficient of variations (CV) of BGP were 4.7% and 5.6%, respectively; the CV of CTX were 4.1% and 5.3%, respectively. Estrogen concentration was reduced in OVX rats. High cholesterol diet had no effect on the estrogen concentration (Table 1) , and the CV of E2 were 3.4% and 8.9%, respectively. It suggests that the high cholesterol diet reduces the BMD and bone formation and increases bone resorption in rats.
Gene expression profiles
In high cholesterol fed rats, 2290 genes were down-regulated and 992 genes were up-regulated. In OVX rats, 1626 genes were down-regulated and 1466 genes were up-regulated. A comparative cluster analysis was carried out with the sets of differentially expressed genes to evaluate the correlation between the two groups of rats. In total, 370 genes were upregulated in both groups, and 976 genes were down-regulated ( Figure 1A) . Genes with the most remarkable change in both groups include those coding for proteins involved in apoptosis, binding activity, metabolism, and the cell cycle. The change patterns for these genes were consistent in the two groups ( Figure 1B ).
GO and pathway analysis for gene expression
Some of the downregulated genes, Wnt5, β-catenin, Tgfbr, smad4, smad6, smad7, Bmpr2, and BMP6, are involved in the TGF-β/BMP2 and Wnt signalling pathway (Table 2 ). In addition, the up-regulated genes were found to code for IL-6 and Ager with bone-resorption functions.
The proliferation of osteoblasts in vitro
Free cholesterol at 12.5-50 μg/mL inhibited the proliferation 
Discussion
In our clinical studies, we observed that postmenopausal women with hypercholesterolaemia showed increased bone www.nature.com/aps You L et al Acta Pharmacologica Sinica npg turnover and lower BMD, which is consistent with the data reported in other clinical studies [2] [3] [4] . We thus hypothesise that a high cholesterol diet induces or promotes the development of osteoporosis. To confirm this hypothesis, we investigate the effects of high cholesterol diet on the development of osteoporosis and the underlying mechanisms. High cholesterol diet significantly increased the weight and the total cholesterol level in serum. BMD decreased in most rats fed with high cholesterol diet. The serum levels of ALP and BGP were decreased and CTX level was increased, indicating that high cholesterol diet increased bone loss. It not only promoted bone resorption, but also reduced bone formation. Interestingly, most OVX rats had developed hypercholesterolaemia, which was similar with the Gurer's study [17] . These data are consistent with our previous findings in clinic that a high cholesterol diet will increase the risk of osteoporosis.
Estrogen deficiency is critical to the pathogenesis of osteoporosis in postmenopausal women, as levels naturally decline, and this results in the imbalance between osteoclast-mediated bone resorption and bone formation [18, 19] . In our experiments, the estrogen level was reduced in the OVX rats, but not in high cholesterol diet fed rats. This suggests that the osteoporosis induced by the cholesterol diet was not the result of estrogen deficiency. High cholesterol fed rats had higher body weights, which is consistent with the view that obesity is related wtih osteoporosis. Kim [20] showed that high percentage body fat and waist circumference correlated with low BMD and risk of a vertebral fracture. Obesity-reduced bone density was associated with activation of PPARgamma and suppression of Wnt/ beta-catenin in rapidly growing male rats [21] . Previous studies have shown that increased arterial calcification and blood lipid correlate with an increase in osteoporosis. Lipids have been shown to accumulate in bones of rats and blood vessels around bone in patients with osteo porosis [22, 23] . Osteoporosis has been associated with both atherosclerosis and vascular calcification [24] [25] [26] . Serum lipid levels may alter bone mineralization. In Xiao' study, a high fat diet induced the increased expression of genes involved in bone resorption and decreased expression of genes associated with bone formation [27] . In this study, in the high cholesterol fed rats there was also a decrease in the expression of genes involved in bone formation and an increase in the expression of genes associated with bone resorption. Genes involved in TGF-β/ BMP and Wnt pathways promote the differentiation of mesenchymal stem cells into osteoblasts and facilitate the proliferation and maturation of osteoblasts. They also regulate the differentiation of osteoblasts, the secretion of bone matrix and mineralization of the bone matrix [28] [29] [30] . Some genes involved in these pathways were also down-regulated in high cholesterol fed rats, which will lead to a suppression of differentiation, proliferation and maturation of osteoblasts, as well as decreased bone formation. The expression of these genes was lower in high cholesterol diet fed rats than those in OVX rats.
Our in vitro studies also support a role for high blood lipids in the proliferation and differentiation of osteoblasts. Statins exerted a direct stimulatory effect on osteoblast cells [31, 32] and simvastatin promoted osteoblast differentiation [33] . Parhami et al [34] found that minimally oxidized low-density lipoprotein (MM-LDL) inhibited the differentiation of MC3T3-E1 cells. These studies suggest that higher levels of lipids inhibit the differentiation of osteoblasts but treatment with hypolipidemic drugs will recover the differentiation of osteoblasts. Free cholesterol inhibited the proliferation and differentiation of osteoblasts in vitro. The proliferation of MC3T3-E1 cells and the level of ALP and collagen I in osteoblasts were reduced by cholesterol. In addition, cholesterol reduced the expression of BMP2 and Cbfa1. Free cholesterol may inhibits the bone formation via the BMP2 pathway.
Oxidative status influences the pathophysiology of mineralised tissues [35] . The role of oxidative injury is one of the mechanisms for the high lipid-induced osteoporosis. In bonederived preosteoblasts, oxidized low-density lipoprotein (oxLDL) and other bioactive oxidized lipids inhibit the expression of various markers of osteoblast differentiation [34] . Also OxLDL and oxidative products inhibit osteogenic differentiation of mesenchymal stem cells and preosteoblast in favour of an adipogenic differentiation [36, 37] . We found that free cholesterol inhibited bone formation, reduced the activity of SOD and increased the level of MDA, which indicated that the free cholesterol increased the oxidative injury in osteoblasts in vitro.
In conclusion, a close correlation between hypercholesterolaemia and osteoporosis was observed in our study. High cholesterol diet increased the bone resorption and reduced bone formation in rats, accompanied by a reduction in BMD. The results confirmed our hypothesis that a high cholesterol diet increases the risk of osteoporosis. Our in vitro experiments showed that free cholesterol inhibited the proliferation and differentiation of osteoblasts, and it reduced bone formation by decreasing BMP2 expression and increasing oxidative injury. High cholesterol diet increases the risk of osteoporosis, possibly via inhibiting the differentiation and proliferation of osteoblasts.
